Predominance of right-handedness has historically been considered as a hallmark of human evolution. Whether nonhuman primates exhibit populationlevel manual bias remains a controversial topic. Here, we investigated the hypothesis that bimanual coordinated activities may be a key-behavior in our ancestors for the emergence and evolution of human population-level right-handedness. To this end, we collected data on hand preferences in 35 captive gorillas (Gorilla gorilla) during simple unimanual reaching and for bimanual coordinated feeding. Unimanual reaching consisted of grasping food on the ground, while bimanual feeding consisted of using one hand for holding a food and processing the food item by the opposite hand. No population-level manual bias was found for unimanual actions but, in contrast, gorillas exhibited a significant population-level right-handedness for the bimanual actions. Moreover, the degree of righthandedness for bimanual feeding exceeds any other known reports of hand use in primates, suggesting that lateralization for bimanual feeding is robust in captive gorillas. The collective evidence is discussed in the context of potential continuity of handedness between human and nonhuman primates. A universal human behavioral trait is right-handedness (Perelle and Ehrman, 1994; Annett, 2002; Raymond and Pontier, 2004) . Although there is some variation between different cultures, all human populations studied to date have been shown to display right hand preferences, particularly for complex motor actions (e.g., Fagard, 2001) . Moreover, the archeological data suggest that right-handedness in tool use can be dated back at least 2.5 millions years ago (Corballis, 1991; Bradshaw and Rogers, 1993) . Whether evidence of handedness can be dated back even further in Hominid evolution, particularly in our closest living relative, the great apes, remains a topic of intense debate (McGrew and Marchant, 1997; Hopkins, 2006) .
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Whereas historically population-level behavioral and hemispheric specialization have been considered hallmarks of human evolution (Warren, 1980; Ettlinger, 1988; Crow, 2004) , there is a growing body of evidence of population-level behavioral and brain asymmetries in a host of vertebrates (Rogers and Andrew, 2002; Vallortigara and Rogers, 2005; Hopkins, 2007) . For example, population-level limb preferences for motor actions have been found in some species of toads, rats, and dogs, suggesting some phylogenetic continuity between animal species (Hook, 2004 for review). However, not all species show the same patterns and some have been critical of both the methods and interpretation of results in nonprimate species with respect to evolutionary models of handedness (MacNeilage et al., 1987; Crow, 2004) . It is in this regard that studies of handedness in nonhuman primates have become increasingly important for testing and evaluating different evolutionary and genetic models of handedness (Hopkins, 2004 (Hopkins, , 2007 Vauclair and Meguerditchian, 2007) .
Indeed, there is a growing body of evidence showing a predominance of right-handedness in nonhuman primates, particularly captive chimpanzees, for complex manual tasks such as bimanual feeding, coordinated bimanual actions, bipedal reaching, throwing, and gestural communication, and so forth (for review, see Hopkins, 2006 Hopkins, , 2007 . However, some authors remain skeptical of these findings on both methodological and theoretical grounds (McGrew and Marchant, 1997; Palmer, 2002 Palmer, , 2003 Crow, 2004) . For example, on the basis of some reviews of nonhuman primate handedness, some authors have argued that the overall results are inconsistent, particularly in reference to results obtained in wild compared to captive individuals (McGrew and Marchant, 1997; Papademetriou et al., 2005 for reviews) . In fact, it has even been argued that right-handedness in captive chimpanzees is an artifact of being raised in a human environment (e.g., McGrew and Marchant, 1997) . However, others have argued that inconsistent patterns of results, particularly between wild and captive settings, may reflect differences in the behavior measured, statistical analysis of the results, and statistical power (Hopkins, 1999; . For instance, many studies of handedness focus on simple manual actions, such as reaching for food, a task that fails to elicit handedness at the individual level and therefore is likely a poor measure of handedness. When looking closely at the literature, the available studies in wild populations that have failed to report population manual bias have largely recorded simple measures of hand use, such as unimanual reaching (e.g., in chimpanzees: Marchant and McGrew, 1996; Marchant, 1997, 2001 ) in relative small samples. In captive populations, it appears that the reports of population-level handedness have typically measured more complex manual activities such as bimanual coordinated actions (Hopkins, 2007) . In contrast, within the same populations, simple behavioral measures of hand preferences (similar than the ones used in the field such as unimanual reaching) have usually revealed an absence or weaker righthandedness bias than bimanual tasks in humans (Fagard and Marks, 2000) , chimpanzees (Hopkins, 1993 (Hopkins, , 1995 , baboons (Vauclair et al., 2005) , and capuchin monkeys (Spinozzi et al., 1998) . Also, there is a large body of evidence of the effect of the task complexity on the direction, magnitude, and consistency of the individual hand preferences in humans (e.g., Perelle and Ehrman, 1994; Marchant et al., 1995; Fagard, 2001) , great apes (Boesch, 1991; McGrew et al., 1999; O'Malley and McGrew, 2006; Hopkins, 2007) , and monkeys Vauclair, 1988, 1991; Spinozzi et al., 1998; Blois-Heulin et al., 2006; Lilak and Phillips, 2007; Meunier and Vauclair, 2007; Schweitzer et al., 2007) . Collectively, these results indicate that complex bimanual actions appear to be more sensitive for detecting individual differences in handedness than less complex tasks, suggesting that they are more appropriate for investigating manual asymmetries. Consequently, the contrast of results between wild versus captive samples seems less clear than the contrast between low-level tasks (e.g., unimanual reaching) versus high-level tasks (e.g., bimanual coordinated action). Thus the ''task effect'' may be a relevant factor for reconciling the contradictory reports of handedness in the literature from wild and captive populations of primates (Hopkins, 2006; Vauclair and Meguerditchian, 2007) .
Like studies in chimpanzees and other nonhuman primates, whether gorillas exhibit population-level righthandedness is still unclear and the findings in this species are not entirely consistent (see Hopkins and Morris, 1993; McGrew and Marchant, 1993 for reviews). As suggested above, this may be explained by the fact that a) the type of measures of hand preferences used in these studies are not consistent across the literature, b) only a few studies have investigated complex bimanual activities, and c) most of the studies had a very small sample of subjects that limits considerably the interpretation and determination of population-level handedness. Interestingly, whereas simple unimanual actions fail to elicit population-level handedness in gorillas (Fagot and Vauclair, 1988; Annett and Annett, 1991; Byrne and Byrne, 1991 ; but see Shafer, 1993) , significant population-level right-handedness has been reported for bimanual food processing in wild gorillas (Byrne and Byrne, 1991) and a trend toward right-hand bias has been found for a coordinated bimanual tube task that consists of removing food with one hand from inside a poly-vinyl-chloride (PVC) tube while holding it with the opposite hand in captive individuals (Hopkins et al., 2003; Begg-Reid and Schillaci, 2008) . In fact, regarding the importance of bimanual activities in the feeding ecology of the gorillas (Byrne and Byrne, 1993) , one would hypothesize that these manual actions would elicit significant biases at the individual and potentially the population-level.
To investigate whether bimanual coordinated activities may potentially constitute a key behavior for the measurement and assessment of handedness in gorillas, as has been reported in other primates, we studied the hand preferences for two spontaneous manual behaviors including simple unimanual reaching and bimanual coordinated feeding.
METHOD Subjects
Data were collected on 35 captive gorillas (Gorilla gorilla) including 20 females and 15 males ranging in age from 1 to 48 years (Mean 5 17.31, S.E. 5 2.23). Twentythree of the gorillas (12 females, 11 males) were housed at Zoo Atlanta (ZA) located in Atlanta, Georgia and were living in six social groups ranging from 3 to 9 individuals. Twelve of the gorillas (8 females, 4 males) were housed at Lincoln Park Zoo (LPZ) and were living in two social groups. This sample constituted the total number of observed subjects, but it should be noted that the sample size varied slightly according to the manual behaviors investigated.
Procedure
From September 2007 to July 2009, we opportunistically recorded hand use for both unimanual and bimanual behaviors by simple daily observations of the social groups of gorillas, not only during feeding times, but also during other daily activities. At both zoos, the observers chose opportunistically a subject when they were performing the manual behaviors of interest. If multiple gorillas were feeding, the experimenter(s) observed the subject that was located in the most visible area of the enclosure and for which the fewest data points were available, because some gorillas foraged more frequently than others. To obtain a reasonable numbers of observations for each subject and increase our overall sample size, a concerted effort was made to focus on subjects that had the fewest observations whenever possible.
At ZA, hand use for unimanual reaching (Fig. 1a ) was recorded when the observer saw the gorillas reaching for grass or for food on the ground (vegetables, fruits). This was often observed during feeding times when food was scattered in the outdoor viewing area at the zoo. To minimize postural biases in the choice of the hand, to be considered a valid reaching response, the subject had to be in a symmetrical posture, either seated or quadrupedal, with both hands available and able to grasp the food in front of them. A single unimanual response was recorded for a reaching response and the subjects had to reposition themselves and move to another location between reaching responses in order to obtain discrete responses. At LPZ, the criterion for recording unimanual reaching responses was identical to those used at ZA; however, at LPZ small food items such as raisins or peanuts were scattered throughout the subjects' outdoor enclosure and the gorillas would move to different locations in the enclosure to grasp the food item. The experimenter would record their hand use as left or right during each discrete reaching response.
Bimanual feeding is a coordinated bimanual action frequently observed in gorillas when eating (Fig. 1b) . When food (grass, bamboo, fruits, vegetables, seeds, etc.) is held or accumulated in one hand (referred to the ''frame'' hand), bimanual feeding consists of using the opposite hand to pick up the food or extract pieces of food in order to manipulate it or bring it in mouth. At both AZ and LPZ, when a gorilla within a group performed bimanual feeding, the ''active'' hand for manipulating the food was considered and recorded as the dominant hand use (either left or right).
There is some debate in the literature about whether bouts or frequencies of hand use, such as those during feeding actions, constitute the best measure of hand preferences (McGrew and Marchant, 1997; Hopkins et al., 2001 . Basically, some authors have criticized reports of handedness in nonhuman primates that recorded only frequencies in hand use (McGrew and Marchant, 1997) . They pointed that a statistical bias may result from the possible dependence of the data between each hand use response. Bimanual feeding is one circumstance that applies to this circumstance, because the subjects typically are holding multiple food items in the subordinate hand while feeding on each food item with the opposite hand.
We addressed this issue by recording handedness for both bouts and frequency in hand use within a feeding event. Specifically, concerning the measure of the frequencies, hand use for each of the ''pick up the food'' responses was recorded within or between bouts of bimanual feeding. With respect to the measures of the bouts, a single bout was considered when a subject started a sequence of bimanual feeding after accumulating food in one hand (the ''frame'' hand). Then, when the subject used the opposite hand (referred to the ''active'' hand) without interruption, the whole sequence was considered as one single response of hand use regardless of the number of frequencies for ''picking up the food'' with the active hand. The bout was considered as finished when the subject stopped the sequence or switched the hands for bimanual feeding. In this latter case, another bout was counted for the following sequence.
Data analysis
For each category of manual action (i.e., unimanual and bimanual feeding), we used the following statistics for analysis of the data. First, the direction of hand preference for each subject was determined by calculating an individual z-score on the basis of their total left and right hand responses. Then, based on their z-score, the individual gorillas were classified as left-handed (z 21.96), right-handed (z 1.96), or ambiguously handed (21.96 \ z \ 1.96). Second, the degree of hand asymmetries for a given subject was evaluated by calculating an individual handedness index score (HI) using the formula (R 2 L)/(R 1 L), where R and L represent the total right and left hand responses, respectively. The HI values varied on a continuum from 21.0 to 1.0 and the sign indicates the direction of hand preferences (positive 5 right hand preference; negative 5 left hand preference).
The absolute values (ABS-HI) reflect the strength of individual hand preference. Concerning bimanual feeding, these statistical analyses were used for each type of hand use measure, that is, bouts and frequencies.
RESULTS

Descriptive information
The frequencies of left-and right-hand use for unimanual reaching and bimanual feeding as well as associated HI and z-scores are shown in Table 1 . For each of the behaviors, we only included subjects in the final analysis that produced a minimum of 15 responses. After excluding any subjects that did not produce at least 15 responses, 2,682 responses were made from 32 subjects 
Direction and strength of hand preferences
We initially examined the association between HI values for bouts and frequency of hand use to assess consistency between these two approaches to handedness assessment. A Pearson Product moment correlation between the HI measures for bouts and frequency of bimanual feeding was positive and significant r(31) 5 0.935, P \ 0.001. Moreover, a paired samples t-test revealed no significant difference in the HI values computed based on bouts compared to frequency in hand use t(31) 5 0.76, P [ 0.44. In fact, the mean HI values for the bouts and frequency of hand use in bimanual feeding revealed similar degrees of population-level righthandedness (see Table 2 ). Because the HI values for these two types of measures were nearly identical and strongly correlated with each other, we subsequently used only the HI values based on frequency of hand use in bimanual feeding in subsequent analyses.
One sample t-tests of the HI values indicated significant population-level right handedness for bimanual feeding t(31) 5 4.72, P \ 0.001 but not unimanual reaching t(31) 5 1.99, P [ 0.05 (see Fig. 2 ). Additionally, a paired samples t-tests indicated that the HI values for bimanual feeding were significantly more rightward compared to unimanual reaching t(31) 5 22.62, P \ 0.02. An examination of the distribution of handedness based on the z-scores confirmed the t-test results. For bimanual feeding, there were 21 right-, 4 left-, and 7 ambiguously handed gorillas. For unimanual reaching, there were 9 right-, 3 left-, and 20 ambiguously handed subjects. Whereas, the distribution of hand preferences differs significantly for both unimanual reaching, v 2 (2, N 5 32) 5 13.94, P \ 0.001, and bimanual feeding, v 2 (2, N 5 32) 5 15.44, P \ 0.001, the number of righthanded subjects are significantly greater than lefthanded subject only for bimanual feeding, v 2 (1, N 5 26) 5 11.56, P \ 0.001. There were too few lateralized subjects for unimanual reaching to meet the assumptions of the chi-square test. The difference in sensitivity to variation in hand preference between unimanual reaching and bimanual feeding was further supported by the comparison of the ABS-HI scores for the two behaviors. The mean ABS-HI for bimanual feeding (Mean 5 0.50, S.E. 5 0.05) was significantly higher than for unimanual reaching (Mean 5 0.23, S.E. 5 0.05), t(31) 5 23.00, P \ 0.01.
Potential effect of sample, sex, and age
We initially compared the HI scores for the AZ and LPZ gorillas to assess whether directional biases in handedness differed between the two samples. No significant difference in HI scores were found for either bimanual t(30) 5 1.19, P [ 0.210 or unimanual t(30) 5 1.32, P [ 0.198. Thus, the HI values were comparable between the two samples. The effects of the sex were assessed using an analysis of variance with the HI score for each measure serving as the dependent measure. There was no significant difference in HI scores between females and males for unimanual reaching, F(1,30) 5 0.05, P [ 0.98 or bimanual feeding F(1,30) 5 3.33, P [ 0.06 (see Table 2 ). There was also no significant effect of sex in the strength of the manual bias (absolute values of HI) according to a t-test for unimanual reaching t (30) 5 0.37, P [ 0.10 or bimanual feeding, t(30) 5 1.42, P [ 0.10. The association between age and both directional and strength of handedness was performed using a Pearson Product Moment correlation. None of the correlations reached statistical significance.
Comparison of hand preferences with previous bimanual measures
As noted previously, measures of hand preferences for bimanual coordinated activities have been collected using an experimental tube task (see Introduction) in 15 of the gorillas used in the present study (Hopkins et al., 2003) that were housed at ZA. Within the same 15 individuals, we assessed the correlation of measures of hand preferences (HI scores) between the tube task from the Hopkins et al. (2003) paper and our present set of data on bimanual feeding. The correlation is positive but not significant, r(15) 5 0.33, P [ 0.10. When we statistically compare the HI scores, the gorillas were significantly more right-handed for the bimanual feeding (Mean HI 5 0.44) compared to the TUBE task (Mean HI 5 0.11) t(15) 5 2.47, P \ 0.03.
Because the patterns of the coordinated actions of the hands seem similar between the tube and bimanual feeding (a hand holds the food/tube while the other hand picks up this food inside the tube/other hand), the difference in hand preferences was unexpected but the comparison between the two measures is confounded with time. More than 5 years separated the collection of data for these two studies and maturational or developmental changes in hand preference may have occurred during this time, particularly in the young individuals. If we restrict the test-retest correlation in HI scores to the individuals that were adults in the two studies and exclude the gorillas that were under 10-years-old when first tested on the tube task (Hopkins et al., 2003) , a significant positive correlation was found in hand preferences within the 10 remaining adult subjects, r(10) 5 0.66, P \ 0.05. Moreover, no significant difference was found in HI scores between the two bimanual measures within this cohort of 10 individuals.
DISCUSSION
The results of this study are straight-forward. Captive lowland gorillas showed significant population-level right handedness for bimanual feeding, but not unimanual reaching. There were no significant sex differences in handedness for unimanual reaching and bimanual feeding; however, it is of note that the degree of right-handedness for # L, number of left-handed subjects; # R, number of right-handed subjects; # A, number of ambiguous handed subjects; N, sample of subjects; M.HI, Mean Handedness Index score of N individuals that corresponds to degree of population-level handedness, the sign indicates the direction of the manual bias (negative value: left-hand bias, positive value: right-hand bias); S.E., Standard Error of the mean; t, value of the t resulting from a t-test; P, significance of P.
bimanual feeding in females compared to males approached conventional levels of statistical significance. Furthermore, comparison of the results between two different samples of gorillas revealed no significant differences in the pattern of handedness. The difference in patterns of handedness between unimanual reaching and bimanual coordinated activities, such as the feeding behavior recorded in this study, are consistent with other findings in nonhuman primates, such as capuchins monkeys, baboons, and chimpanzees (Hopkins, 2007) . In all of these different primate species, measures of handedness that require coordinated bimanual actions a) elicit stronger hand preference at the individual level of analysis and b) reveal population-level handedness at the species level of analysis. These collective findings support the view that, compared to bimanual coordinated activities, simple unimanual reaching measures are less sensitive measures of hemispheric specialization in nonhuman primates (e.g., Vauclair and Meguerditchian, 2007) . Further support for this argument comes from recent studies showing that hand preferences for coordinated bimanual actions, and not simple reaching, correlate with neuroanatomical asymmetries in the motor-hand area of the precentral gyrus in both chimpanzees and capuchin monkeys (Hopkins and Cantalupo, 2004; Phillips and Sherwood, 2007; Sherwood et al., 2007) .
Most of the previous studies that have investigated hand use for coordinated bimanual actions in nonhuman primates have generally involved a structured handedness task referred to as the TUBE task (Hopkins, 2007) . The TUBE task requires that subjects hold a baited PVC with one hand and extract food with the opposite hand, and thus is not all that different from the behavior of the gorillas observed in this study. However, in our view, there is some confusion and inconsistent use of the words and operational definitions of ''coordinated bimanual action,'' ''complex bimanual action,'' and ''bimanual feeding'' (e.g., Papademetriou et al., 2005 for an example of an over-generalization of the term ''bimanual feeding''). In the present study, we defined ''bimanual feeding'' or ''bimanual coordinated action'' as manual activities that imply asymmetrical and coordinated use of the hands, (i.e., one hand fulfills the minor ''frame'' role (holding the food) while the other hand engages in the dominant ''active'' role in picking up or manipulating the food maintained in the ''frame'' hand). We do not, however, consider this bimanual behavior as being comparable to the descriptions of ''complex bimanual tasks'' such as nut-cracking behavior in the wild chimpanzees studied by Boesch (1991) . Nut-cracking does not require similar coordinated bimanual actions, although both hand may be used in a sequential manner (one hand holds the hammer while the other brings the kernel to the anvil or mouth). Indeed, the two hands do not have to interact directly with each other and can perform these two different ''active'' actions independently of each other. A similar definitional argument can be made with regard to previous studies of bimanual feeding in bonobos and chimpanzees (Hopkins, 1994; Hopkins and deWaal, 1995) , as they relate to the definition employed in this study. In the bonobos and chimpanzees studied by Hopkins et al., bimanual feeding was defined as the active use of one hand for bringing food in mouth while the opposite hand was holding other food items, without the constraint that the two hands work in an asymmetrical coordinated manner. In light of the importance that some have placed on the role of asymmetrical, coordinated hand use on the evolution of complex behavior and cognition, such as tool use (van Schaik et al., 2003) , it seems very important to clearly define what is meant by ''coordinated bimanual actions.''
The pattern of handedness found when measuring bouts compared to frequency in hand use for bimanual feeding were nearly identical and the two measures strongly correlated with each other. This result is also consistent with findings in captive chimpanzees and baboons (Hopkins et al., 2001 Damerose and Hopkins, 2002) , and contradicts the view that the evidence of right-hand bias in nonhuman primates may be related to a statistical bias induced by the use of the frequencies instead of the bouts (McGrew and Marchant, 1997) .
To our knowledge, the present study in bimanual feeding reveals the strongest degree of population-level right handedness ever reported in apes for motor manipulative activities (Hopkins, 2006) . In captive chimpanzees, the ratio of right-to-left handedness is about 2:1 for coordinated bimanual actions whereas in our sample, the ratio was more than 5:1, which is quite pronounced and rivals some reports of handedness in humans, particularly among individuals from non-westernized cultures (Perelle and Ehrman, 1994) . We would suggest that, given the importance of hierarchical, bimanual motor actions in the feeding ecology of gorillas (Byrne and Byrne, 1993) , the strong degree of right-handedness observed in our sample may reflect an inherent adaptation for hemispheric specialization for bimanual actions. However, with the relatively small sample size in this study, it would be premature to speculate on this difference but, at a minimum, the results clearly warrant further investigation in additional samples of gorillas.
Last, these results are also consistent with the reports of population-level right handedness for bimanual food processing reported in wild mountain gorillas (Byrne and Byrne, 1991) . Thus, in gorillas, there is some consistency in results between captive and wild settings with respect to hand preference for bimanual feeding. Taken together, the collective data suggest several conclusions. First, in contrast to unimanual reaching, bimanual coordinated feeding is a reliable and sensitive measure of hemispheric specialization in great apes. Second, this spontaneous coordinated behavior might be a fruitful area of investigation in future handedness studies, in wild populations of apes and monkeys. Finally, in agreement with Wundrum (1986) , we suggest that the ability to coordinate the hands in an asymmetric manner may have proven to be an important requisite skill for the emergence of right-handedness in early hominids. It is important to emphasize that efficient asymmetric coordination of the hands to perform complex manipulation is not a requisite condition for the emergence of populationlevel handedness (see Vallortigara and Rogers, 2005; Hopkins, 2007) . Indeed, asymmetric coordination of the hands can provide the needed adaptive functions to individual subjects without need for all the individuals having the same hand preferences. Thus, why the gorillas largely conform to using the right hand remains unclear and warrants further investigation.
